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Abstract
We report the discovery of a temperature-
induced phase transition between the α and β
structures of antimonene. When antimony is
deposited at room temperature on bismuth se-
lenide, it forms domains of α-antimonene hav-
ing different orientations with respect to the
substrate. During a mild annealing, the β phase
grows and prevails over the α phase, eventually
forming a single domain that perfectly matches
the surface lattice structure of bismuth selenide.
First principles thermodynamics calculations of
this van der Waals heterostructure explain the
different temperature-dependent stability of the
two phases and reveal a minimum energy tran-
sition path. Although the formation energies of
free-standing α- and β-antimonene only slightly
differ, the β phase is ultimately favoured in the
annealed heterostructure due to an increased
interaction with the substrate mediated by the
perfect lattice match.
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Introduction
Among the known allotropes of two-
dimensional (2D) antimony, β-antimonene
(hereafter, β-Sb), defined as the buckled Sb
analogue of graphene, has drawn the attention
of the scientific community due to its peculiar
electronic band structure which might be ex-
ploited in electronics,1,2 spintronics,3 optoelec-
tronics4 and even thermal energy conversion.5
Indeed, its electronic structure is predicted to
radically change depending on the thickness of
the film.6 As a consequence, the electronic gap
might be tuned to be negative, zero and positive
and also show an indirect-to-direct transition
under biaxial strain.7–9 Beside the potential
of β-Sb, a second 2D allotrope (the antimony
equivalent of black phosphorus, hereafter α-
Sb) is currently attracting much interest. α-Sb
shows a direct instead of an indirect gap as
found in β-Sb. Furthermore, the estimated
electronic gap of the α phase is much lower
than that of the β allotrope, although its value
is still under debate.10–13 α-Sb also exhibits a
high carrier mobility12,14 and is predicted to be
an excellent absorber in the visible range.15
Such a wealth of properties needs to be pre-
served when dealing with a supporting sub-
strate. Recently, van der Waals (vdW) epi-
taxy16 has been suggested as a valid solution.
As a result, the number of reports of inter-
faces made from stable α-Sb and β-Sb layers on
vdW substrates continues to grow .17–25 Much
less has been done, however, to try to control
and possibly induce a structural transition from
one allotrope to the other. For instance, driv-
ing mechanisms such as electrostatic doping,
molecular adsorption and the use of graphene
as a supporting substrate13 were proposed, but
no experimental counterpart has been reported.
Here we present a method to induce the α-
Sb to β-Sb phase transition on a bismuth se-
lenide (Bi2Se3) monocrystal by means of an-
nealing. The phase transition at the atomic
scale is observed via scanning tunneling mi-
croscopy (STM), while density functional the-
ory (DFT) calculations comprehensively ex-
plain why the α phase is energetically favoured
upon growth on Bi2Se3 at room temperature
(RT) as well as why, and indeed how, the β
phase forms upon gentle annealing.
This study sheds light on the structural sta-
bility and structural phase transition undergone
by the class of materials made of group 15 el-
ements that possess α and β stable allotropic
phases, i.e. phosphorene, arsenene and bis-
muthene, all of which are of great current in-
terest.12 Furthermore, from a more applicative
point of view, this mild temperature annealing
method used to convert one phase to the other
is fully compatible with modern electronics and
may be relevant for the next generation of elec-
tronic devices based on three-dimensional van
der Waals heterostructures.26–28
The manuscript is organized as follows. Us-
ing STM and DFT, we identify and character-
ize the two antimonene phases and show evi-
dence for the phase transition. Following this,
we provide an ab initio thermodynamics anal-
ysis of antimonene stability on Bi2Se3 during
the growth and annealing stages. A transition
path between the two phases is proposed, and
the critical role played by lattice matching to
the substrate is highlighted. Finally, the signif-
icance of this study in the design of other group
15 vdW heterostructures is discussed.
Characterization of α and β
antimonene phases
When Sb is deposited on bismuth selenide at
RT, islands of different size and shape form.29,30
In Fig. 1(a) we show a typical island after 4
minutes of annealing. The surface reveals tiny
features that we attribute to moire´ structures
originating from the superposition of the rect-
angular lattice of the α-Sb phase and the hexag-
onal lattice of the Bi2Se3 sample surface. Apart
from the moire´, it is possible to see darker ar-
eas with no stripes. These zones indicate the
presence of β-Sb: indeed, the superposition of
buckled honeycomb and hexagonal structures
do not generate any moire´ pattern because of
the perfect match between adsorbate and sub-
strate lattices. In addition to the α and β struc-
tures, small protruding areas (white regions in
the STM images reported in Fig. 1) are present
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Figure 1: (Color online) Panels (a-d): Sb is-
lands grown at RT on Bi2Se3 and subsequently
annealed at 473K for different duration time.
The STM images of 100×100 nm2 size, have
been taken at +1 V, 2 nA. Bright and dark or-
ange areas correspond to α- and β-Sb, respec-
tively. The moire´ structures seen in the orange
areas are due to the superposition of a rectangu-
lar lattice (α-Sb) on a hexagonal one (Bi2Se3).
(e) Ratio of α to β phase as a function of the
annealing time. A differentiation filter is ap-
plied to the STM images along the horizontal
axes.
on the islands and are attributed to thicker Sb
layers. Note that other 2D Sb allotropes (no-
tably γ and δ) are predicted to be unstable31
and have never been reported in experiments.
Moreover, the unbuckled α configuration fea-
tures a higher total energy and has been shown
to be dynamically unstable.10
In Fig. 1(b) and (c) we show two islands after
12 and 20 mins of annealing. The moire´ pat-
terns are clearly visible although the β phase
starts to be the prevailing phase. By employ-
ing a masking procedure provided by Gwyd-
dion,32 we extracted the surface ratio of the α to
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Figure 2: (a) Ball and stick models of free-
standing α-Sb and β-Sb (top views) Unit cells
and theoretical lattice parameters are indi-
cated. Dashed lines indicate the four-atom
β simulation cell; green shaded areas indicate
the hexagonal structure common to both al-
lotropes. (b) Adsorbed layers on Bi2Se3 (only
first quintiple layer shown).
the (α+β) phase as a function of the annealing
time, as shown in Fig. 1(e). The complement to
the surface area covered by the α phase corre-
sponds to the β phase. After 34 mins the sur-
face features the sole β phase (see Fig. 1(d)).
The blue straight line represents the simulated
behaviour of the α to the (α+β) ratio as if the
phase transition was perfectly linear as a func-
tion of the temperature. We qualitatively ob-
served that the higher the annealing tempera-
ture, the faster the phase transition.
In order to ascertain the presence of the α-Sb
and β-Sb phases, we performed first principles
DFT simulations of free-standing antimonene
(Fig. 2(a)) and antimonene/bismuth selenide
heterostructure (Fig. 2(b)). The β phase has
a buckled hexagonal form (point group D3d).
Bulk Sb can be understood as an ABC stacking
of β monolayers.10 The α phase has a rectan-
gular buckled washboard structure (point group
C3v). Our computed lattice constants for free-
standing antimonene (a = 4.05A˚ for β; a1 =
4.79A˚, a2 = 4.28A˚ for α) are consistent with
previous works9,10,31 that include van der Waals
interactions (the latter are known to be crucial
for describing geometries of puckered monolay-
ers33). Adsorption of α-Sb and β-Sb on Bi2Se3
3
Figure 3: (Color online) (a) STM image of an Sb island after annealing at 473K for 23 min (100×100
nm2, taken at +1 V, 2 nA). Brown, orange, and bright orange areas correspond to Bi2Se3 substrate,
α-Sb, and β-Sb, respectively. The black line indicates the location of the profile shown in panel
(b). The highlighted (c) and (f) areas of panel (a) are magnified in the corresponding panels,
where the atom-resolved α- and β-Sb lattices are displayed. Images (c) and (f) of 25×5.9 nm2
and 25×8.5 nm2, respectively, have been taken both at +0.1 V, 20 nA. Panels (d) and (h) show
simulated moire´ patterns and relative rotation angles between the two lattices. Panels (e) and (g)
show measured lattice parameters and demonstrate the relation between the unit cells of the α-Sb
and Bi2Se3 lattices as used in the moire´ simulation.
was simulated using suitably oriented large su-
percells that minimise artificial stresses. The
incommensurate α phase has a step height of
5.9A˚. β-Sb was assumed to form a commensu-
rate adlayer. Its mismatch with bulk Bi2Se3
(a0 = 4.143A˚) is 2.2% and the computed step
height of 4.0A˚ is considerable smaller than that
of α-Sb. These predicted step heights and lat-
tice parameters can thus be directly compared
with data extrapolated from the STM measure-
ments.
In Fig. 3(a), we display a typical STM im-
age of an island after 23 min annealing time.
The interface consists of single sheets of Sb.
We traced a profile through the island along
the horizontal black line indicated in Fig. 3(a),
and show the result in Fig. 3(b). Measured ap-
parent heights of about 6.0 and 4.3 A˚ were ex-
tracted for the α and β phases, respectively.
These data are in fair agreement with the step
heights obtained in our DFT calculations, and
are consistent with computed step height differ-
ences of 1.5 A˚ between free-standing α and β
reported elsewhere.15,31 Large variations in the
measured single sheet step height of β-Sb have
been reported, including 4.5A˚ on Bi2Te2Se,
23
2.8A˚ on PdTe2,
22 and 2.66A˚ on Ge(111).24 In-
terlayer distances of around 6.16A˚ have also
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been reported for the α phase.31 Such large
variations are generally attributed to the dif-
ferent supporting substrates, which can show
large differences in terms of the local density of
states, particularly if quantum spin Hall effects
are taken into consideration.21,25 Moreover, the
discrepancies could also be attributed to the
well known dependency of the measured step
heights on the experimental parameters chosen
to carry out the STM measurements.30
Panels (c) and (f) of Fig. 3 show atomically
resolved images of two areas of panel (a). On
the left side of panel (c), the moire´ structure
is imaged, while on the right side the typi-
cal honeycomb lattice of the β-Sb phase is ob-
served. The high symmetry directions of the
Bi2Se3 basal plane are indicated by white ar-
rows. The measured lattice parameters for α-
Sb (a1 = 4.8A˚, a2 = 4.3A˚) are consistent
with the computed values for the freestanding
sheet [Fig.2(a)], indicating that α-Sb grows as
a strain-free layer on Bi2Se3. In contrast, the
measured value of a = 4.2A˚ for the β phase is
larger than that computed for free-standing β-
Sb. Instead, it approaches that of bulk Bi2Se3
(4.143A˚), in further confirmation of the com-
mensurate growth.
By applying a band pass FFT (Fast Fourier
Transform) filter selecting the 1st order spots
(separately on the left and right part of the im-
age of panel (c)), we extracted angles relative to
the STM fast scanning axis (horizontal dashed
line of panel (e)). We therefore simulated the
moire´ patterns of panel (d) by overlaying the
two lattice grids for several relative angles by
employing a MatLab routine embedded in Lab-
view. By applying the same procedure to the
STM image of panel (f), we generated the moire´
structure of panel (h). The simulated images of
panels (d) and (h), therefore are the result of a
rotation of nearly 80◦ and 37◦ between the two
unit cells, displaying a moire´ period of 20 A˚ and
27 A˚, respectively, nicely matching the exper-
imental finding of Fig.3(c) and (f). A movie
of all possible mutual orientations generating
moire´ patterns can be found in the Supplemen-
tary Material.
No moire´ patterns are observed where the
honeycomb structure of β-Sb is present. How-
ever, a closer look at the images of panel (c)
and (f) reveals the presence of triangular defects
(white circle) typical of the Bi2Se3 surface, at-
tributed to resonant states of Bi vacancies.34–36
The fact that these defects are visible through
the adsorbate layer can be rationalised by con-
sidering that the local density of states can be
affected by defects or impurities buried deeply
in the bulk of the substrate and whose trapped
electronic wave functions can extend for sev-
eral layers towards the surface.37 One can ar-
gue that this evidence should be shared with
the α-Sb part of the surface. As known from
the literature, free-standing β-Sb shows a much
larger gap with respect to α-Sb,12,31,38 which
allows defect states of Bi2Se3 to be detected.
Note also that the orientation of the triangular
defects demonstrates the perfect alignment of
the substrate and β-Sb lattice structures.
Thermodynamics of the
Sb/Bi2Se3 heterostructure
Our calculations predict that freestanding α-
Sb has a larger cohesive energy than β-Sb by
34 meV/atom, consistent with previous works
that include non-bonding interactions.9,10,31 Al-
though this seems to contradict the observed
formation of the β phase after annealing, such
calculations clearly neglect the interaction with
the substrate. Our use of large supercells for
modelling the Sb/Bi2Se3 heterostructures al-
lows us to compute the formation energies of
the incommensurate α and lattice matched β
phases as well as that of (ficticious) unaligned
or rotated β∗ phases, giving access both to en-
ergy gain on adsorption (through non-bonding
interactions) as well as energy loss from strain
(in matching with the substrate).
We thus employed first-principles thermody-
namics based on DFT total energy calculations
to explain both the initial formation of α-Sb on
Bi2Se3 and the formation of the β phase after
annealing. The crucial point here is that the
deposition and annealing stages obey different
boundary conditions, and hence the formation
energies are described by different thermody-
namical potentials. During Sb deposition, the
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Figure 4: (a) Phase diagram during the deposition stage, showing the relative formation energy
per area ∆fA(µ) of antimonene allotropes with respect to the Sb chemical potential. (b) Relative
formation energies per atom ∆fN during the annealing stage, for free-standing and adsorbed sheets.
(c) Potential energy surface (PES) for β-Sb adsorption on Bi2Se3 with respect to position of the
lower atom Sbdn (right), also shown as a profile along the Se–Se path as indicated (left, solid blue
line). The energy dependence with respect to the sheet rotation angle about the Sbdn atom is
estimated (left, dashed red line).
system is described as a substrate of constant
area A interacting with a gaseous reservoir of
Sb atoms. The formation energy is defined per
area and obtained from the grand (Landau) po-
tential as fA(µ) = (U−TS−µN)/A. The vari-
able N is the number of adsorbed Sb atoms, U
is the internal energy (DFT total energy) and
S the entropy; the temperature T is kept con-
stant. The Sb chemical potential µ is also con-
stant (but unknown), and is determined by the
amount of Sb in the vapour. During the anneal-
ing stage, however, the number of Sb atoms N
is a constant, being supplied solely by the de-
posited Sb adlayer. Here, the area of the Sb film
A is a free parameter because clean substrate
is available between the (predominantly) α-Sb
islands. Now, the formation energy is defined
per atom, and obtained from the free energy as
fN = (U − TS)/N . As an approximation, the
entropic contribution TS of the considered ad-
sorbate models are taken to be equal.39 Recent
studies of phosphorene adsorbed on gold have
shown that the entropic contribution to the en-
ergy difference between its β and α phases is
only about 10meV/atom at RT.33
Fig. 4(a) shows the phase diagram corre-
sponding to the deposition stage. Formation
energies of adsorbed α and β phases are re-
ported relative to clean Bi2Se3; µ is given rel-
ative to that of atomic Sb. For Sb-rich con-
ditions, which correspond to the usual experi-
mental growth condition, the α-Sb phase is the
most stable. The commensurate β-Sb phase is
stable within a narrow range of µ, explaining
why small amounts of β-Sb are also found dur-
ing growth. Unaligned β∗ phases are never sta-
ble, consistent with the experimental observa-
tion of only one β phase alignment across the
whole surface. The presence of the gaseous Sb
reservoir is, therefore, the determining factor
during deposition, favouring phases that pack
more atoms into the same area (steeper slope
in Fig. 4).
During the subsequent annealing stage, the
formation energy per atom fN determines the
relative stability of the phases. Cohesive,
strain, vdW, and adsorption (binding) energies
all contribute to fN . It is therefore instruc-
tive to compare formation energies of adsorbed
phases with the freestanding ones as shown in
Fig. 4(b). The difference in fN between free-
standing α and β sheets is 34 meV/atom, with
α the more stable. When the interaction with
the substrate is included, however, the lattice-
matched β phase becomes more stable than the
incommensurate α phase by 36 meV/atom (i.e.
a relative gain of 70 meV/atom). In the absence
of the Sb reservoir, therefore, the β-Sb phase is
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ultimately the most favoured. Experimentally,
it is obtained after light annealing.
Fig. 4(b) also demonstrates that the un-
aligned β∗ phase is less stable than both ad-
sorbed α and β phases, even though β∗ is a
strain free adlayer. In fact, β is stable only for a
unique orientation and alignment on the Bi2Se3
surface. Fig. 4(c) shows the potential energy
surface (right) and its line profile (left, solid
blue line) with respect to the β-Sb sheet posi-
tion, as well as the energy dependence on sheet
rotation angle (dashed red line) estimated from
a few computed datapoints. Laterally shifting
or rotating the β sheet even by small amounts
imposes a sharp energy penalty, with local
Sb-on-Se configurations particularly punitive.
Such repulsive interactions cause any randomly
oriented sheet to move an extra ∼ 0.7 A˚ away
from the substrate: indeed, β∗ and α phases
both lie about 3.1A˚ from the surface, in com-
parison to 2.4A˚ for the aligned β phase. Lattice
matching thus allows the antimonene sheet to
move closer to the substrate while the perfect
atomic alignment maximizes favourable non-
bonding interactions (vdW forces are short-
ranged and additive). Of the 228 meV/atom
gained on adsorption, 181 meV (80%) comes
from the vdW interactions. Last, it is interest-
ing to note that spin-orbit coupling accounts
for a considerable 36 meV/atom of the β ad-
sorption energy, which translates into 41% of
the formation energy difference between β and
α phases (see Supplementary Material for de-
tails).
VdW-mediated α-Sb→β-Sb
transition
Our calculations thus fully support the STM
observations of these two distinct phases.
Nonetheless, transformation from the α to the
β phase must involve a barrier, as evidenced
by the need for the low temperature anneal-
ing step. Simulation of the transition pathway
is made difficult by the presence of the sub-
strate and by the different cell sizes of α and
β phases. We thus adopted the variable-cell
nudged elastic band (vcNEB) scheme to model
the transition for the free-standing layers, and
account for the substrate afterwards. Similar
approaches have recently been applied to model
the free standing α→β transition in phospho-
rene33 and antimonene,13 albeit in a restricted
manner.
Two possible kinds of pathways were identi-
fied as shown in Fig. 5(a) and (b). The ‘bond
flipping pathway’ (a) describes a displacive pro-
cess whereby some atoms in the upper atomic
layer of the Sb sheet move to the lower atomic
layer; no bonds are broken. Since chains of
buckled Sb hexagons (green shaded areas in
Fig. 2(a)) are common to both phases, a di-
rect α→β transformation can occur simply by
flipping the bonds linking the hexagons. To fa-
cilitate this process, the α cell first rapidly ex-
pands through stretching of a1 (the point where
it reaches 75% of its final value in the β phase
is indicated). The two equal height barriers
(about 400 meV/atom) correspond to transi-
tion states in which each Sb atom in the flip-
ping bond successively experiences a flat sp2-
like geometry (see TS1’ and TS2’ in Fig. 5(a)).
This stepwise process predicts a higher barrier
than that reported elsewhere (250 eV/atom)
for a single step pathway of hole-doped anti-
monene,13 but is similar to that predicted for
the transition from black to blue phosphorene
(480 meV/atom).33
A lower energy transition pathway was identi-
fied, however, which is far more complex. This
asymmetric ‘bond breaking pathway’, shown
in Fig. 5(b), is a reconstructive process that
involves breaking and formation of multiple
Sb–Sb bonds. Interestingly, the local mini-
mum (LM) between the two barriers of unequal
height corresponds to a structure very similar
to the metastable η phase reported by Zhang
et al.12 In contrast to the previous pathway,
however, Sb atoms remain in the same atomic
plane throughout, instead undergoing lateral
translations until the sheet acquires the hexag-
onal geometry of the β phase. During the ini-
tial stages of the transition the unit cell un-
dergoes considerable shear distortion; the vol-
ume remains fairly constant. Cell expansion oc-
curs mostly in the latter stages, as indicated in
Fig. 5(b). The minimum barrier for the free-
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standing α→β transformation was thus identi-
fied at 251 meV/atom. Note that precise path-
ways and transition barriers can only be identi-
fied via algorithms that consider atomic forces
and cell stresses on a free and equal footing.40,41
Our computed barrier height is considerably
lower than that reported (650meV/atom) for
a similar pathway in phosphorene.33 The dif-
ference may be attributed to the 40% smaller
bond dissociation energy of antimony, which al-
lows traditionally unfavoured paths (involving
breaking of chemical bonds) to be preferred over
alternatives that purely feature bond rotation.
Finally, we consider the influence of the
Bi2Se3 substrate on the transition path. The
lowest energy path identified for free-standing
antimonene is schematically depicted by the up-
per line in Fig. 5(c). As discussed earlier, ad-
sorption on Bi2Se3 reorders the α and β for-
mation energies such that the latter becomes
more stable by 36 meV. One might therefore ex-
pect the pathway for the adsorbed layers (lower
curve in Fig. 5(c)) to follow this trend and ex-
hibit a lower barrier height. However, this is not
the case. Formation of the stable (aligned) β-Sb
adlayer can only occur if the antimonene cell is
reasonably lattice matched to the surface cell of
Bi2Se3. Our vcNEB calculations indicate that
a < 5% mismatch occurs only near the end of
the pathway (shaded blue areas in Fig. 5). Up
until this point, therefore, the transition path-
way of the adsorbed layer can be understood
as moving from the incommensurate α phase
to the unaligned β∗ phase. As the α and β∗
adsorption energies differ by only 9 meV, it is
reasonable to infer that all intermediate states
are similarly weakly bound to, and equidistant
(∼ 3.1A˚) from, the Bi2Se3 surface. The barrier
profile and height for this stage of the transi-
tion should thus remain similar to that of the
free-standing layers. Once the antimonene layer
enters the matching regime, however, it can
then rigidly shift or rotate in-plane until a com-
mensurate alignment is found. At this point,
the stable β phase forms: the antimonene layer
moves 0.7A˚ closer to the substrate and rapidly
gains a further 79 meV/atom, as discussed in
Fig. 4.
Although this two-stage transition process
through an intermediate β∗ phase is unlikely to
occur on a large scale in the real system, it may
happen at the edge of the Sb islands on a scale
of several unit cells, perhaps acting as a seed
for further antimonene alignment. Indeed, our
STM images typically show that regions of β
phase develop mostly around the island edges.
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It is also notable that the predicted barrier
heights for forward and backward transitions
are thus quite similar (251 vs. 287 meV/atom).
This is in apparent contradiction with the ex-
perimental observation with STM of a 100%
transition to the β phase after annealing. How-
ever, we recall that the β phase lies in a quite
steep potential well with respect to translation
or rotation of the Sb sheet (Fig. 4(c)). In order
for the reverse transition to occur, the β sheet
must therefore first escape the well via verti-
cal displacement away from the substrate before
any lateral atomic motion or cell distortion can
occur—i.e., it must recover the β∗ phase. At
this point the (barrierless) β∗→β transition is
far more likely to occur than the reverse β∗→α
process. Ultimately, the unique lattice match-
ing of the β phase on Bi2Se3 means any trans-
formation back to the α phase is kinetically lim-
ited, in agreement with the experimental obser-
vation.
Conclusions
VdW epitaxy is achieved when a substrate is
naturally passivated, allowing the adsorbate to
grow with its orientation and lattice structure
independent of the substrate structure.16 Our
results for both α and β phases of antimonene
supported on Bi2Se3 show a behaviour typical
of an epitaxial vdW heterostructure. The ob-
servation of small domains of α-Sb with no de-
fined orientation indicates that the interaction
with the substrate is too weak to induce any
strain or preferential orientation. As for β-Sb,
even if the orientation of the domains is unique,
the interaction with the substrate can nonethe-
less be described as vdW mediated.28 Previous
core-level spectroscopy and angle resolved pho-
toelectron spectroscopy studies demonstrated
that the electronic structure can be ascribed to
the sole presence of β-Sb, and not to a Bi-Se-
Sb alloy.23,42,43 In other words, the interaction
is strong enough to align the lattice but not
so strong to be described by covalent or ionic
bonds.
Our calculations demonstrate that the 100%
transformation to β-Sb essentially occurs due to
specific lattice matching of β-Sb with Bi2Se3.
To induce growth of the β allotrope in other
2D X-enes (where X=P,Sb,As,Bi) we there-
fore suggest using hexagonal symmetry sub-
strates that offer favourable matching. In het-
erostructures where such matching does not oc-
cur, only incommensurate, weakly vdW-bound
α and β phases may form. During growth of
such systems, the α phase adlayer should re-
main favoured due to its higher atomic den-
sity. Annealing is unlikely to induce a com-
plete transition to the β phase, however. Post-
anneal islands may feature a coexistence of both
α and unaligned β phases, depending on the
specific barrier height. While our calculations
showed that a reconstructive (bond-breaking)
phase transition is favoured in 2D antimony,
a displacive phase transition may be favoured
for other elemental species like P,33 thus limit-
ing the available pathways and imposing higher
barriers.
The Sb/Bi2Se3 interface may provide a plat-
form for studying both allotropic forms of an-
timonene at the same time. On one hand, we
can exploit the phase diagram to induce for-
mation of one allotrope with respect to the
other by changing the Sb partial pressure dur-
ing growth;44 on the other hand, the temper-
ature control allows us to change their rela-
tive population. This may permit comparative
studies of both phases without the drawbacks of
systematic errors due to the preparation of two
different samples. Moreover, a more profound
understanding of the class of materials made by
an interface comprising a stable antimonene al-
lotrope and a vdW topological insulator can be
reached.23,42,45 Interpretation of the electronic
structure in such heterostructures is challeng-
ing and often affected by the absence of a single
structural phase.
The novel combination of ab initio thermo-
dynamics and transition path simulations pre-
sented here thus opens new possibilities for de-
signing and engineering of other vdW bound
heterostructures. Applications aiming at the
exploitation of topology–protected electronic
states may indeed benefit from the fine tun-
ing of the adsorbate-substrate structure sym-
metries.46
9
In summary, we have proposed a method to
induce a structural phase transition from α to
β-Sb by means of low temperature annealing.
Theoretical calculations show that while both
α–Sb and β–Sb are loosely bound to the sub-
strate, the latter offers increased thermodynam-
ical stability under limited Sb conditions and
gives rise to a phase exhibiting an almost per-
fect lattice match and orientation with the sub-
strate.
Methods
Sample preparation and STM
measurements
The Bi2Se3 samples are (0001)-oriented sin-
gle crystals grown by the modified Bridgman
method. These samples have been previously
characterised by x-ray diffraction. The Bi2Se3
surface was prepared by cleavage in-situ, in an
ultra high vacuum (UHV) chamber. The struc-
tural ordering of the sample was confirmed by
low energy electron diffraction (LEED) and by
scanning tunnelling Microscopy (STM).
Antimony was sublimated from a temperature-
controlled Knudsen cell. All depositions were
performed at RT with a deposition rate of 0.5
A˚/min. 1 ML of Sb on Bi2Se3 corresponds
to surface density of 0.033 A˚−2, that is, to an
equivalent thickness of 2.03 A˚. The reported
STM images where collected after deposition
of about 1 ML of Sb, corresponding to half the
full surface coverage.
The temperature calibration was done by
exploiting the (2
√
3 × 2√3 R30◦)→(√3 ×√
3 R30◦) transition occurring at 473 K
for more than 1.5 ML of Sb deposited on
Ag(111).47
STM images were recorded by using an Omi-
cron LT-STM housed in a UHV vacuum cham-
ber with base pressure below 1×10−10 mbar.
The STM images were acquired at 80K using
a W tip cleaned by electron bombardment in
UHV. The STM scanner was calibrated measur-
ing the clean Bi2Se3(0001) surface. Bias voltage
is referred to sample, hence positive (negative)
bias corresponds to empty (filled) states. STM
measurements have been performed with a sur-
face coverage of about 30% of Sb/Bi2Se3.
Calculation method
Density functional theory (DFT) calculations
were performed using the quantum-ESPRESSO
code.48 We used the PBE exchange-correlation
functional49 along with a semi-empirical van
der Waals correction (D2)50 and optimized,
fully-relativistic norm-conserving pseudopoten-
tials (cutoff 85 Ry).51,52 PBE-D2 was found
to yield good agreement for the experimental
lattice parameters of bulk Sb and was thus
adopted throughout (see Supplementary Mate-
rial for full details).
Structural optimizations were performed until
forces were below 10meV/A˚ and stresses below
0.2 Kbar. Symmetry was not enforced.
Adsorption energies of α and β-Sb on hexago-
nal Bi2Se3 were computed using a (1×4) Bi2Se3
supercell. With this setup, the commensurate
(1× 4) β-Sb cell has a mismatch of 2.2%, while
the incommensurate (1 × 3) α-Sb cell has a
mismatch of 3.3% and 0.1% along the a1 and
a2 directions, respectively. Rotated and un-
aligned/shifted β and β∗ adlayer calculations
used a (
√
7 × √7)R21.8◦ supercell. The PES
was computed in a (1 × 1) cell. The α → β
phase transition in free-standing Sb-ene was
simulated using the variable cell nudged elas-
tic band scheme (vcNEB)40,53 as implemented
in the USPEX code.54–56 A four-atom cell was
used and several initial paths were considered.
Spin-orbit coupling was included except in vc-
NEB and PES calculations.
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